Background: Standard archival sequence databases have not been designed as tools for genome annotation and are far from being optimal for this purpose. We used the database of Clusters of Orthologous Groups of proteins (COGs) to reannotate the genomes of two archaea, Aeropyrum pernix, the first member of the Crenarchaea to be sequenced, and Pyrococcus abyssi.
Background
Functional annotation of genomes is a critical aspect of the genomics enterprise. Without reliable assignment of gene function at the appropriate level of specificity, new genome sequences are plainly useless. The primary methodology used for genome annotation is the sequence database search, the results of which allow transfer of functional information from experimentally characterized genes (proteins) to their uncharacterized homologs in newly sequenced genomes [1] [2] [3] . However, general-purpose, archival sequence databases are not particularly suited for the purpose of genome annotation. The quality of the annotation of a new genome produced using a particular database critically depends on the reliability and completeness of the annotations in the database itself. As far as annotation is concerned, the purpose of primary sequence databases is to faithfully preserve the description attached to each sequence by its submitter. In their capacity as sequence archives, such databases include no detailed documentation in support of the functional annotations. Furthermore, primary sequence databases are not explicitly structured by either evolutionary or functional criteria. These features, which are inevitable in archival databases, seriously impede their utility as resources for genome annotation, particularly when an automated or semi-automated approach is attempted [4, 5] . At its worst, this situation results in a notorious vicious circle of error amplification -an inadequately annotated database is used to produce an error-ridden and incomplete annotation of a new genome, which in turn makes the database even less useful [6] [7] [8] .
One way out of this Catch-22 situation is to use a different type of database for genome annotation, namely databases in which sequence information is organized by structural, functional or phylogenetic criteria, or a combination thereof. For example, the KEGG [9] and WIT [10] databases are primarily function-oriented and organize protein sequences from completely and partially sequenced genomes according to their known or predicted roles in biochemical pathways, although WIT also provides a phylogenetic classification. In contrast, the SMART database [11] is organized on a structural principle and provides a searchable collection of common protein domains. All these databases share a fundamental common feature -they encapsulate carefully verified knowledge on protein structure, function and/or evolutionary relationships, and therefore, at least in principle, provide for a more robust mode of genome annotation than general-purpose databases and may serve as a stronger foundation for partially automated approaches to genome analysis.
The database of Clusters of Orthologous Groups of proteins (COGs) is a phylogenetic classification of proteins encoded in completely sequenced genomes [12] . An attempt has been made to organize these proteins into groups of orthologs, direct evolutionary counterparts related by vertical descent [13, 14] . Because of lineage-specific duplications, orthologous relationships in many cases exist between gene (protein) families, rather than between individual proteins, hence orthologous groups (including only lineage-specific duplications in a COG is the principle of this analysis; in practice, because of insufficient resolution of sequence comparisons, certain COGs may include ancestral duplications). The principal phylogenetic classification in the COG database is overlaid with functional classification and annotation based on detailed sequence and structure analysis and published experimental data. The COG system has been designed as a platform for evolutionary analyses and for phylogenetic and functional annotation of genomes. The COGNITOR program associated with the COGs allows one to fit new proteins into existing COGs. The central tenet of this analysis is that, if it can be shown that the protein under analysis is an ortholog of functionally characterized proteins from other genomes, this functional information can be transferred to the analyzed protein with considerable confidence. In addition to COGNITOR, the COG system includes certain higher-level functionalities, such as analysis of phylogenetic patterns and co-occurrence of genomes in COGs. The current (as of 1 June, 2000) system consists of 2, 112 COGs that encompass about 27,000 proteins from 21 completely sequenced genomes [15] .
Here we describe the application of the COGs to the systematic annotation and evolutionary analysis of two recently sequenced archaeal genomes, those of the euryarchaeon Pyrococcus abyssi [16] and the crenarchaeon Aeropyrum pernix [17] . These genomes were selected to compare the utility of the COGs for the annotation of two types of genomes -one that is closely related to another genome already included in the system, as Pyrococcus abyssi is to P. horikoshii, and one that represents a group previously not covered by the COGs, the Crenarchaeota. We show here the relatively low error rate of the COG-assisted analysis and its contribution to a significant number of new functional predictions. Emphasis is on using the COG approach to identify features of the A. pernix genome that are shared among all Archaea and those that distinguish Crenarchaeota from Euryarchaeota. Thus this work had a dual focus: first, to explore the potential of the COG system for genome annotation; and second, to use the COG approach to reveal important trends in archaeal genome evolution. It should not be construed as a comprehensive analysis of any particular genome or a comprehensive comparative and evolutionary study; addressing each of these tasks would require the use of several additional methodologies.
Results and discussion
The protocol for genome annotation using the COG database Figure 1 depicts the steps of the procedure used for the COG-based genome annotation. This protocol is not limited to straightforward COGNITOR analysis but also takes advantage of the phylogenetic information encapsulated in the COGs, primarily in the form of phylogenetic patterns, which can be used to guide the search for missing COG members (described in detail in [18] ). Briefly, whenever one of the analyzed genomes was unexpectedly not represented in a COG, additional analysis was undertaken to identify possible diverged members by using an iterative database search with the PSI-BLAST program, or to detect members that could have been missed in the original genome annotation by using translating searches with the TBLASTN program. In the present analysis of two archaeal genomes, such unexpected absences involved COGs represented in all or most of the other species or in all other archaea. Conversely, unexpected occurrences of the analyzed genomes in COGs, for example the first archaeal member of a purely bacterial COG, was examined case by case to detect likely horizontal gene transfer events and novel functions in archaeal genomes.
Assessment of computational assignment of proteins to COGs
Proteins were assigned to COGs by two rounds of automated comparison using COGNITOR, each followed by manual checking of the assignments. The first round attempts to assign proteins to existing COGs; typically, >90% of the assignments are made in this step. The second round serves two purposes: first, to assign paralogs that could have been missed in the first round to existing COGs; and second, to create new COGs from those proteins that remained unassigned. With the goal of determining the optimal level of automation for such tasks, we assessed the performance of the automated procedure for annotating the A. pernix genome, which belongs to a major taxon, Crenarchaeota, that so far has not been represented in the COG database. For comparative purposes, the performance of the automated procedure for annotating proteins from Pyrococcus abyssi was also evaluated. P. abyssi is a member of the 
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Euryarchaeota and is closely related to P. horikoshii, which is currently represented in the COGs. The data are shown in Table 1 . Three main classes of protein assignments are considered: true positives, false positives and false negatives.
True positives are proteins that were correctly assigned either to an existing COG or to a COG that was created as a result of adding the new species. After a detailed examination of the COGNITOR results, 95% of the automatically assigned A. pernix proteins and 97% of the automatically assigned P. abyssi proteins were classified as true positives. As expected, the number of COGs created as a result of adding each species significantly differed. P. abyssi, which belongs to a previously represented clade, contributed only three new COGs, each representing a conserved family missing in P. horikoshii. In contrast, 27 new COGs were created as a result of adding A. pernix proteins.
False positives are proteins that were incorrectly assigned to a COG, and these fall into two classes. The first class are those proteins that needed to be removed altogether (that is, not included in any COG). In such cases, although the criterion that the query protein had at least three genome-specific best hits to members of the given COG was formally met, a detailed examination showed that these hits most probably arose by chance (see the Materials and methods section). The second class are those proteins that were assigned to one COG by COGNITOR, but subsequently moved to another COG. Most often (21 of 23 cases for A. pernix, and all of the cases for P. abyssi), the proteins were moved to a related COG (for example, between two COGs that include distinct, but related families of ATPases).
False negatives are proteins that were not assigned to any COG by COGNITOR because they failed the three-best-hit criterion (see the Materials and methods section), but were included subsequently as a result of additional sequence comparisons initiated upon examination of unexpected phylogenetic patterns. Again, the occurrence of false negatives for P. abyssi was about half that of A. pernix (1% versus 2%).
Of the 17 such omissions identified among A. pernix proteins, 11 occurred as a result of pre-processing the protein sequences for low-complexity regions using the SEG program. When COGNITOR was run without filtering, these proteins were automatically assigned to the COGs. The remainder, including all false negatives seen for P. abyssi, failed the three-best-hit criterion because they showed only weak similarity to the members of the respective COG. However, given that they were the best candidates for filling unexpected gaps in phylogenetic patterns, and also because they contained the typical sequence motifs of the respective families, these proteins were included in the COGs.
Annotation of Aeropyrum pernix and Pyrococcus abyssii protein sets
Aeropyrum pernix has been reported to encode 2,694 putative proteins in a 1.67 megabase (Mb) genome [17] . Of these, 633 proteins were assigned a function or partial characterization in the original report, on the basis of sequence comparison with proteins in the GenBank, SWISS-PROT, EMBL, PIR and Owl databases. Each of these databases contains individually annotated proteins. In contrast, the COG database annotates protein families rather than individual proteins, and the method used for the construction of the COGs often allows distant relationships to be discerned. Thus, use of the COG database for the annotation of a newly sequenced genome would probably increase the number of functional assignments. Indeed, we have assigned 1,102 A. pernix proteins to COGs. Some of these proteins (154) are members of COGs belonging to the uncharacterized (S) group, about which little is known except that they form a conserved family [12] . Subtracting these, annotation has been added to 315 proteins -an increase of about 50% compared with the original annotation. These include, among others, the key glycolytic enzymes glucose-6-phosphate isomerase (APE0768, COG0166) and triosephosphate isomerase (APE1538, COG0149), and the pyrimidine biosynthetic enzymes orotidine-5-phosphate decarboxylase (APE2348, COG0284), uridylate kinase (APE0401, COG0528), cytidylate kinase (APE0978, COG1102), and thymidylate kinase (APE2090, COG0125). Similarly, important functions in DNA replication and repair were confidently assigned to a significant number of A. pernix proteins that in the original annotation were described simply as a hypothetical protein.
Examples include the bacterial-type DNA primase (COG0358), the large subunit of the archaeal-eukaryotictype primase (COG2219), a second ATP-dependent DNA ligase (COG1423), three paralogous photolyases (COG1533), and several helicases and nucleases of different specificities.
The case of the large subunit of the archaeal-eukaryotic primase illustrates well the contribution of different types of inference to genome annotation. COGNITOR failed to assign an A. pernix protein to this COG. Given the ubiquity of this subunit in euryarchaea and eukaryotes [19] , however, and the presence of a readily detectable small primase subunit in A. pernix (COG1467), a more detailed analysis was undertaken by running PSI-BLAST searches against the NR database with all members of the original COG as starting queries. When the Archaeoglobus fulgidus primase sequence (AF0336) was used to initiate the search, the A. pernix counterpart (APE0667) was indeed detected at a statistically significant level.
An interesting case of reannotation of a protein with a critical function, which also resulted in more general conclusions, is the archaeal uracil DNA glycosylase (UDG; COG1573). The members of this COG are currently annotated either as a putative DNA polymerase (APE0427 from A. pernix and AF2277 from A. fulgidus) or as a hypothetical protein. However, UDG activity has been experimentally shown for the respective proteins from Thermotoga maritima [20] and A. fulgidus [21] . The reason for the erroneous annotation as a DNA polymerase is the independent fusion of the uracil DNA glycosylase with DNA polymerases in bacteriophage SPO1 and in Yersinia pestis. Although these fusions hampered the correct annotation in the original analysis of the archaeal genomes, they seem to be functionally informative, suggesting that this type of UDG functions in conjunction with the replicative DNA polymerase. This is consistent with a recent report that archaeal DNA polymerases stall in the presence of uracil before misincorporating adenine [22] .
Additions, subtractions and changes to the A. pernix protein set
In all, 1,102 of the predicted 2,694 A. pernix proteins (41%) were included in the COGs, whereas 1,404 of the predicted 1,765 P. abyssi proteins (79%) were included. The percentage of A. pernix proteins included in the COGs was significantly less than the average (72%) for the other five archaeal protein sets currently included in the COG database ( Table 2 ). It seems likely that this is due to an overestimate of the total number of ORFs in the A. pernix genome. Many of the ORFs with no similarity to proteins in sequence databases (1,538, or 57.1% [17] ) overlap with ORFs from conserved families, including COG members. On the basis of the average representation of all genomes in the COGs (67%) and the average for the other archaea (72%), one could estimate the total number of A. pernix proteins to be between 1,550 and 1,700. This range is consistent with the size of the A. pernix genome (1.67 Mb) given the gene density of about one gene per kilobase that is typical of bacteria and archaea.
Considering that A. pernix is the first crenarchaeon sequenced, and is also the only archaeal aerobe sequenced so far, one might expect that the representation of A. pernix proteins in COGs could be somewhat lower than the average for the Euryarchaeota. Taking 60% as a conservative estimate, this puts the upper limit of protein-coding genes in A. pernix at about 1,900. Complete reconstruction of the A. pernix proteome is beyond the scope of this work, but 849 ORFs, originally annotated as proteins, that significantly overlapped with COG members could be confidently excluded, which brings the number of genes to a maximum of 1,873.
Despite the apparent over-representation of ORFs in A. pernix, we nonetheless added 28 previously unidentified ORFs that represent conserved protein families, including such functionally indispensable proteins as chorismate mutase (APE0563a, COG1605), translation initiation factor IF-1 (APE_IF-1, COG0361), and seven ribosomal proteins (APE_rpl21E, COG2139; APE_rps14, COG0199; APE_rpl29, COG0255; APE_rplX, COG2157; APE_rpl39E, COG2167; APE_rpl34E, COG2174; APE_rps27AE, COG1998). These missed genes were identified by searching the genome sequence translated in all six frames for possible members of COGs with unexpected phylogenetic patterns. For example, the translation initiation factor IF-1 COG0361 contained exactly one protein from each of the species represented in COGs, except for A. pernix. Considering the importance of this protein in translation and its conservation across all species in the COGs, it seemed unlikely that it would be missing from A. pernix, and, indeed, a highly conserved IF-1 ortholog was readily identified in translating searches with the respective COG members as queries. Not unexpectedly, all newly identified A. pernix genes encode small proteins.
Conservation of the core of archaeal COGs shows that A. pernix is a typical archaeon
Because A. pernix is the first crenarchaeal genome to be completely sequenced, it was important to investigate whether or not the conserved core of archaeal genes previously identified by comparative analysis of euaryarchaeal genomes [19] is shared by the crenarchaea. The data in Table 3 indicate that this is indeed the case -in all functional categories of COGs, the majority of COGs that contain representatives from all five euryarchaeal species also include A. pernix. A very similar conclusion has been independently reached in a recent cluster analysis of archaeal proteins [23] . The fraction of the A. pernix gene set that belongs to this conserved core, approximately 30%, is very similar to those in each of the euryarchaea if the number of predicted A. pernix genes is adjusted as described above ( Figure 2 ). Furthermore, the breakdown pattern of the proteins into members of COGs including all archaeal species, those in COGs with a subset of archaeal species, those in COGs with no other archaeal species, and those not included COGs, appeared to be conserved in A. pernix and each of the Euryarchaeota, indicating common evolutionary trends ( Figure 2 ).
The matrix of co-occurrence of genomes in the COGs (Table 4) shows that the gene repertoire of A. pernix overlaps to a much greater extent with those of Euryarchaeota than with those of bacteria or yeast. Typically, there are fewer common COGs between A. pernix and euryarchaeal species than there are among the latter, although some preferential co-occurrence of A. pernix with the two species of Pyrococcus is notable (Table 4 ). To further assess the relationships between genomes, we used the co-occurrence data to construct a distance matrix (see the Materials and methods section), which in turn was used for generating a cluster dendrogram and neighbor-joining and least-square trees ( Figure 3 ). This analysis not only unequivocally placed A. pernix within the archaeal domain, but even grouped it with the Pyrococcus species in the cluster dendrogram ( Figure 3a ) and the neighbor-joining tree (Figure 3b ), although not in the least-square tree where it was positioned at the base of the archaeal branch and outside of the Euryarchaeota (data not shown). The outcome of this type of analysis, which is conceptually similar to recent attempts at constructing gene content evolutionary trees [24] [25] [26] , is a mixed reflection of phylogenetic relationships and similarities or differences in gene repertoires related to the lifestyles of the respective organisms. The contribution of the latter non-phylogenetic factors is well illustrated by the clustering of parasitic bacteria such as, for example, Haemophilus influenzae and Helicobacter pylori, which contradicts the obvious phylogenetic affinity of the former with Escherichia coli, and the deep branching of the mycoplasmas, the most degraded bacterial parasites, instead of the phylogenetically justified grouping with Bacillus subtilis (Figure 3 ). By the same token, it appears most likely that clustering of A. pernix with the pyrococci primarily reflects some common aspects of their metabolism which remain to be identified. A contribution of preferential lateral gene exchange to this grouping also seems possible. Some genes shared by A. pernix and the pyrococci, to the exclusion of the rest of the Euryarchaeota, are discussed below. A. pernix did not show any closer relationship to yeast than did the euryarchaea (Table 4 and Figure 3a ,b). Thus, at least at the level of co-occurrence in COGs, or in other words, the fraction of shared orthologs, we see no support for the hypothesis of the origin of eukaryotes from crenarchaea [27, 28] . 
Figure 2
The main phylogenetic patterns for the predicted proteins encoded in six archaeal genomes. Within the conserved archaeal core, there is a considerable number of genes that either comprise unique archaeal COGs (examples of these are shown in Table 5 ) or are sporadically present in certain bacterial species, but not in eukaryotes. These COGs are of particular interest from the viewpoint of the standard model of evolution of the three domains of life, which applies primarily to the information-processing systems of the cell and places the tree root between bacteria and archaea-eukaryotes [29, 30] , because they can be considered synapomorphies defining the archaeal state (the sporadic representation of some such COGs in bacteria is most likely explained by horizontal gene transfer). Such characteristic archaeal proteins include, for example, the archaealtype Holliday junction resolvase, the ATPase subunit of the archaeal-specific TopoVI (Table 5 ) and the archaeal DnaGlike primase with its unique domain organization (COG0358 [19] ). The finding that these proteins are shared by Euryarchaeota and Crenarchaeota is important because it suggests that the respective genes were most probably present in the common ancestor of archaea and eukaryotes, but have been displaced in the eukaryotic lineage.
Detailed sequence analysis of the core archaeal genes, which included comparison of the protein sequences from the respective COGs to pre-computed profiles for specific protein domains, resulted in the prediction of previously uncharacterized potential roles in conserved systems for some of them. For example, proteins in COG1571 contain two previously recognized domains, namely a nucleic-acidbinding OB-fold domain similar to those found in the ssDNA-binding protein RPA and in DNA polymerase subunits from archaea and bacteria [31] and a metal-binding Zn ribbon [32] . The amino-terminal portion of these proteins comprises a predicted globular domain that also occurs as a stand-alone protein in some of the euryarchaea and contains a conserved signature GxDDXD preceded by a predicted > strand. The combination of this potential enzymatic domain with two predicted DNA-binding domains suggests that members of this protein family are likely to be enzymes with an important role in archaeal DNA metabolism, most probably nucleotidyl transferases or nucleases. The members of COG1444 are multidomain proteins that combine an aminoterminal superfamily I helicase-like ATPase domain with a carboxy-terminal acetyltransferase domain. This domain organization is suggestive of a role in the basal transcription system as a protein-modifying acetyltransferase. COG1094 (KH + S1 domains) and COG1096 (S1+Zn-ribbon domain) are predicted to encode RNA-binding proteins that could be involved in RNA processing or in a translation-related role. COG1293 includes uncharacterized, conserved proteins whose probable ortholog from Streptococcus has been annotated as a fibronectin-binding protein [33] . Their conservation and phyletic distribution is, however, more consistent with a basic core function. Consistent with this, we detected in these proteins a specific version of the helix-hairpin-helix nucleic-acid-binding module, which is specifically similar to those found in ribosomal proteins of the S13/S18 family (L.A., unpublished observations) and suggests a function for the members of this COG as a ribosome-associated, RNAbinding protein or, less likely, an uncharacterized DNA repair system component.
A tally of the COGs that are shared by A. pernix with each of the five euryarchaeal species, to the exclusion of the rest of the euryarchaea, shows a clear prevalence of the association with pyrococci and A. fulgidus (data not shown). Given the larger number of genes in the latter, the relationship with the pyrococci is most notable, in agreement with the clustering data presented above. A. pernix and the pyrococci share some typically bacterial proteins, for example ribonuclease E/G, an RNA-processing enzyme (COG1530), and the glycine cleavage system (COGs 0403, 0404, 0509 and 1003). This is compatible with horizontal gene transfer between these two archaeal lineages subsequent to the acquisition of the respective gene from a bacterium.
A. pernix shows a notable paucity of signaling proteins, resembling in this respect Methanococcus jannaschii and parasitic bacteria. A. pernix and M. jannaschii have no detectable histidine kinase, PAS or GAF domains, unlike Methanobacterium thermoautotrophicum and A. fulgidus, in which these domains comprise the basis of the signaling system. These domains are present in the pyrococci, but in much smaller numbers than in M. thermoautotrophicum and A. fulgidus. A. pernix, M. jannaschii and the pyrococci also encode very few serine/threonine kinases, and those that are present are highly conserved representatives of the Rio1 family, which are probably involved in transcription regulation rather than in typical signaling [34] . It appears therefore that conventional phosphorylation-mediated signaling is selected against in A. pernix and other hyperthermophiles. In contrast, all these archaea, including A. pernix, possess comparable numbers of predicted transcription factors, mainly those of the helix-turn-helix class [32] , some of which could directly bind small molecules and convert signals into transcriptional outputs.
Crenarchaeota as a distinct branch of the Archaea
In spite of the rather unexpected clustering with the pyrococci seen in the co-occurrence-based classification (Figure 3) , the COG analysis provides evidence for the distinctness of Crenarchaeota as represented by A. pernix. At a quantitative level, this can be illustrated by comparing the number of COGs in which each of the archaeal species is missing but the rest are represented. The number of such COGs is notably greater in the case of A. pernix than in each of the euryarchaeal species (Figure 4 ). Qualitatively, a considerable number of apparently essential genes conserved in the euryarchaea are missing in A. pernix (Table 6) . A. pernix is expected to encode unrelated or distantly related proteins performing these functions (non-orthologous gene displacement [35] ). Notably, unlike the euryarchaea with completely sequenced genomes, A. pernix does not encode enzymes of the de novo purine biosynthesis pathway ( Table 6 ). The enzymes for interconversion of IMP, GMP and AMP are present, and it appears likely that A. pernix partly relies on salvage pathways for the formation of purine nucleotides, but also probably imports nucleosides and/or bases into the cell. In this respect, A. pernix is similar to such parasitic bacteria as H. pylori, Borrelia burgdorferi, and Chlamydia that do not possess purine biosynthesis capabilities either and import nucleosides or bases from the surrounding medium. In contrast, the pyrimidine biosynthesis pathway genes are present in A. pernix, as they are in other archaea.
A. pernix lacks certain conserved RNA-modifying enzymes such as the tRNA-specific pseudouridine synthase (COG0101), which has so far been considered ubiquitous, and the tRNA archaeosine transglycosylase (COG1549). The absence of the latter enzyme suggests that archaeosine could be a euryarchaea-specific RNA modification.
Interestingly, A. pernix lacks several conserved proteins and features of domain architecture that are specifically shared by euryarchaea and eukaryotes. A particularly notable absence is that of the two subunits of the euryarchaeal DNA polymerase ( Table 6 ). The large subunit is present only in the euryarchaea [36] , whereas the small subunit, which belongs to the calcineurin superfamily of phosphoesterases and is predicted to possess phosphatase activity, is conserved in euryarchaea and eukaryotes [37] . Unlike the euryarchaea, the replicative DNA polymerases in A. pernix are represented only by three paralogous members of the B family (one of them possibly inactivated; COG0417), which is shared by archaea and eukaryotes [38] . The replication factor A (RPA) ortholog (COG1599) from A. pernix contains a single OB-fold domain whereas euryarchaea and eukaryotes encode forms with multiple tandem repeats of the OB-fold that are more 
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COGs not represented in each of the archaeal species while including members of the remaining five species. For P. horikoshii and P. abyssi, the absence of the respective second pyrococcal species was allowed. For abbreviations, see the Materials and methods section. similar to each other. The eukaryotic DNA repair component ERCC4 and its ortholog in euryarchaea contain fused superfamily II helicase and nuclease domains (COG1111 and COG1948 [39] ). In contrast, the crenarchaea A. pernix and Sulfolobus possess only the nuclease domain (also represented in A. fulgidus), with no counterpart to the helicase domain. Two predicted helicases with a potential function in DNA repair (COG1112, a superfamily I helicase, and COG1205, a superfamily II helicase fused to a predicted metal-dependent nuclease domain) are also shared by the euryarchaea and eukaryotes, to the exclusion of A. pernix. The transcription machinery of A. pernix also shows several deviations from the general euryarchaeal-eukaryotic pattern. The transcription factor TFIIB from both A. pernix and Sulfolobus (COG1405) contains a disrupted amino-terminal Zn ribbon domain. However, A. pernix encodes a stand-alone version of the TFIIB Zn ribbon (APE0508 in COG1405) that could substitute for the disrupted version in trans. Importantly, the histones that function in the chromosomal structure maintenance and possibly also in transcription in euryarchaea (COG2036) are lacking in A. pernix (see Table 6 for more details). The RNA polymerase elongation factor ELP3, which combines a biotin synthase domain with a histone acetylase domain and is shared by euryarchaea and eukaryotes (COG1243), is missing in A. pernix.
The current COG collection was not well suited for detecting COGs that are represented exclusively in crenarchaea and in eukaryotes because only one species from each of these taxa is represented. Our additional analysis, however, revealed very few such genes in A. pernix and no trends supporting a possible ancestral relationship between Crenarchaeota and eukaryotes were detected (L.A. and E.V.K., unpublished observations). The current status of archaeal genome analysis, with more eukaryotic features seen in euryarchaea than in crenarchaea, offers no support for the eocyte hypothesis, which postulates origin of eukaryotes from crenarchaea [28] . For a more definitive interpretation of the evolutionary relationships between archaea and eukaryotes, however, additional genome sequences, particularly those from other crenarchaea, are required.
Aeropyrum genes without homologs in Euryarchaeota and acquisition of bacterial genes by horizontal transfer
The 48 COGs that include a representative from A. pernix but not from euryarchaea are likely to reflect acquisition of bacterial genes by crenarchaea or loss of ancestral genes early in the evolution of euryarchaea (Table 7) . Rigorously distinguishing between these two possibilities may be difficult, but in particular cases there are indications in favor of one of them when there is a distinct similarity between an A. pernix protein and orthologs from a particular bacterial lineage (Table 7) . Generally, horizontal gene transfer appears to be the most plausible scenario for the origin of these genes in A. pernix because none of the genes in these 48 COGs is found in all bacteria and eukaryotes, and none 14 Genome Biology Vol 1 No 5 Natale et al.
Table 7
A
. pernix proteins conserved in a wide range of organisms but missing in euryarchaea (examples)
A. pernix gene/ Phylogenetic pattern* Function Comments COG number APE1618/ -----zyq-d-ebr----------x Aconitase A Unlike other archaea with sequenced genomes, A. pernix 1048
is an aerobe and possesses the complete TCA cycle. APE1618 belongs to a distinct family of (otherwise) bacterial aconitases (e.g E. coli AcnA and B. subtilis CitB). APE1816 also belongs to a specific family of bacterial fumarases. The most notable group of genes that are found in A. pernix, but not in euryarchaea, reflects its aerobic metabolism. As an aerobe, A. pernix encodes the complete set of the tricarboxylic acid cycle (TCA) cycle enzymes, in contrast to the anaerobic euryarchaea which possess a truncated version of this pathway (Table 7 ). In addition, A. pernix encodes accessory enzymes that are required for the formation of the pyruvate dehydrogenase complex, such as lipoate synthase (COG0320) and lipoate-protein ligase (COG0095). The set of A. pernix proteins that are related to respiration and not seen in euryarchaea additionally includes specific electron-transfer chain components such as cytochrome b, cytochrome oxidase, nitrate reductase, NADH-ubiquinone oxidoreductase, NADPH:quinone reductase and Rieske Fe-S protein.
A set of 23 COGs is shared by A. pernix, yeast and a subset of bacteria, to the exclusion of the euryarchaea. These cases seem to be readily explained by lateral acquisition of genes from a bacterial source in both eukaryotes (largely from mitochondria) and crenarchaea. Respiration-related enzymes mentioned above are an obvious case in point, but this explanation could also apply to at least some of the remaining few COGs in this set, for example, a RecQ-family helicase (COG0514).
Detecting interspecies differences in Pyrococcus abyssi and P. horikoshii
In the case of two closely related genomes, such as those of P. abyssi and P. horikoshii, the COG analysis provides for straightforward genome subtraction (Table 8) . Given the high level of sequence conservation between orthologous proteins from these two species (typically over 70% identity), it seems somewhat unexpected that 80 COGs include proteins from P. abyssi, but not P. horikoshii, whereas the inverse is seen in 46 COGs. Many of these differences are likely to reflect differential gene loss, whereas others are probably due to horizontal gene acquisition. The greater number of COGs that P. abyssi is represented in, to the exclusion of P. horikoshii, seems to reflect the greater metabolic endowment of the former. In particular, the entire aromatic amino acid and cysteine biosynthesis pathways are present in P. abyssi but not in P. horikoshii (Table 8 ). In the case of the aromatic amino acid pathway, the direction of evolution seems to be clear -loss of the respective genes by P. horikoshii in the course of its adaptation to the heterotrophic lifestyle which seems to have gone further than in P. abyssi. The case of the cysteine pathway is, however, particularly interesting because, among all archaea whose genomes are currently available, it is shared only by A. pernix and P. abyssi; the mechanism of cysteine formation in other euryarchaea remains a mystery [19] . In this case, acquisition of the respective genes from bacteria via horizontal transfer seems to be the most likely possibility because a gene-loss scenario would require several independent events in euryarchaea. Interestingly, probable horizontal acquisition of bacterial genes encoding the cytosine biosynthesis pathway enzymes has been described also in the euryarchaeon Methanosarcina barkeri [40] . Other COGs with differential representation of the two Pyrococcus species tend to include genes that are inherently mobile such as restriction-modification systems ( Table 8 ).
Conclusions
The annotation of a new genome is likely to be as good as the database(s) to which it is compared. The COG database was constructed on the phylogenetic principle of protein classification, namely clustering by (probable) orthology. In addition, considerable effort has been invested in the functional characterization and classification of the COGs. As a result, using the COGs for annotating new genomes of organisms that do not belong to already well-characterized groups provides for numerous functional predictions that are not readily attained in more routine annotation protocols. Furthermore, taking advantage of the structure of the COG database, it is possible to reveal the main functional systems of an organism and its probable evolutionary affinities, and to systematically uncover sets of genes whose presence or absence in the given genome is unexpected and informative from an evolutionary standpoint.
Materials and methods

Sequence data and databases
The genome sequences and the sets of annotated proteins from Aeropyrum pernix and Pyrococcus abyssi were retrieved from the Genomes division of the Entrez system [41] . Table 8 Examples of differential genome display of Pyrococcus abyssi and Pyrococcus horikoshii using the COG approach Table 6 .
(NR) database of protein sequences at the National Center for Biotechnology Information (NIH, Bethesda) was used for sequence similarity searches.
Sequence analysis and assignment of proteins to COGs
Protein sequence similarity searches were performed using the gapped BLASTP program or, for detecting subtle similarities, the position-specific iterative BLAST (PSI-BLAST) program, with either an individual protein or a collection of pre-computed position-specific scoring matrices used as a query [42] . Searches of nucleotide sequences translated in six frames were performed using the gapped TBLASTN program [42] . Regions of low complexity in protein sequences were identified using the SEG program [43] .
Proteins were assigned to COGs using the COGNITOR program essentially as previously described [12, 15] . Briefly, each protein sequence from the analyzed genomes was compared to the protein sequences that comprise the COGs using the gapped BLASTP program and genome-specific best hits (BeTs) were registered. A protein was included in a COG when at least three BeTs were to the members of the given COG. In cases when two or more COGs met this criterion, the COG with the greater alignment scores was given priority. If no COGs satisfied this condition, an ambiguous result was reported. The new version of the COGNITOR program used in this analysis detects position-specific BeTs so that distinct domains of multidomain proteins were assigned to different COGs when justified by the above criteria.
Proteins from the analyzed genomes that could not be included in the pre-existing COGs were subjected to the original COG construction procedure [12] . Specifically, a new COG was formed when a triangle of consistent reciprocal BeTs was identified, which occurs when one protein from each of three distinct species gives as a genome-specific best hit the other two proteins, and vice versa. In the present analysis, only such elementary new COGs could be identified because those COGs that would include a greater number of species have already been created.
Manual validation of preliminary COG assignments
Each preliminary assignment was checked for validity, and adjustments were made as necessary. An assignment of a particular protein to a given COG was considered correct if: (1) the genome-specific best hits for that protein were members of the COG; (2) the size of the query protein was similar to the sizes of the COG members; (3) the region of similarity between the query and the COG members was extensive; (4) the similarity scores indicated statistical significance.
For cases that did not fit some of the straightforward criteria given above, other criteria or methods were used to confirm an assignment. For example, PSI-BLAST would be used to determine if the query is a diverged member of the COG, or sequence alignments would be examined to determine if the query shares conserved motifs with the COG members.
False positives that required reassignment generally fulfilled the criteria above, but failed to meet either condition (1) or condition (2) . In the former case, some of the genome-specific best hits were to a different COG. In the latter case, the query protein merely contained a single domain of a COG whose members were composed of multiple domains. These proteins were assigned to COGs that contain the single domain only.
Certain false positives required removal from COGs. Although fulfilling the three-BeT criterion for inclusion, these assignments probably arose by chance as indicated by several lines of evidence: first, the genome-specific hits that caused the apparently incorrect assignment had lower alignment scores than those for non-COG proteins; second, the statistical significance of the hits was very low; third, the hits were non-reciprocal; fourth, the alignments with the COG members did not include diagnostic motifs of the respective protein family; and fifth, the protein was assigned to a COG based on hits to lowcomplexity (typically, coiled-coil) regions.
Proteins with multiple domains that hit members from more than one COG were manually divided according to the COG-NITOR results. The sub-sequences were given separate FASTA entries in the COG database, and the domains were listed as members of the appropriate COG.
Classification of genomes by co-occurrence in COGs
The table of co-occurrence of genomes in COGs is available on the COG website [44] . These data were used for classifying genomes by cluster analysis and phylogenetic tree construction. The distance between genomes was calculated as Dij = 1 -(Cij/Ni + Nj -Cij), where Cij is the number of COGs in which genomes i and j co-occur, and Ni, Nj are the numbers of COGs that include the genomes i and j, respectively. This formula employs the Jackard co-occurrence coefficient, which is widely used in biometric studies to obtain comparable results for samples of different size [45] . Cluster dendrograms were generated using the UPGMA option of the NEIGHBOR program, and distancematrix trees were generated using the FITCH program [46] or the Neighbor-Joining [47] option of the NEIGHBOR program. All tree-building programs are parts of the PHYLIP package [48] .
Additional data
The results of the analysis of the A. pernix and P. abyssi genomes described here are included, along with those for several recently sequenced bacterial genomes, on the COGs website [44] and a text file of a list of COGs is included with the online version of this article. A list of A. pernix genes, in which genes overlapping with COG members and thought to be spurious are flagged, and newly detected genes have been added, and the corresponding FASTA library of protein sequences are available by anonymous ftp (ftp:// ncbi.nlm.nih.gov/pub/koonin/Apernix) and are included as text files with the online version of this article.
